Myelin is synthesized about the time of birth. The Src-family tyrosine kinase Fyn is involved in the initial events of myelination. Fyn is present in myelin-forming cells and is activated through stimulation of cell surface receptors such as large myelin-associated glycoprotein (L-MAG). Here we show that Fyn stimulates transcription of the myelin basic protein (MBP) gene for myelination. MBP is a major component of the myelin membrane. In 4-week-old Fyn-deficient mice, MBP is significantly reduced, and electron microscopic analysis showed that myelination is delayed, compared with wild-type mice. The Fyn-deficient mice had thinner, more irregular myelin than the wild-type. We found that Fyn stimulates the promoter activity of the MBP gene by approximately sevenfold. The region responsible for the transactivation by Fyn is located between nucleotides Ϫ675 and Ϫ647 with respect to the transcription start site. Proteins binding to this region were found by gel shift study, and the binding activity correlates with Fyn activity during myelination. These results suggest that transactivation of the MBP gene by Fyn is important for myelination.
Myelin is the lipoprotein multimembrane that f unctions as an insulator preventing the flow of ion currents across the axonal membrane and facilitating the conduction of electrical nerve impulses. During brain development, myelin formation is one of the major events in maturation. It is synthesized by oligodendrocytes in the C NS soon after birth in mammals. For myelination, oligodendrocytes extend processes to recognize neuronal axons by cell surface receptors. The receptors generate intracellular signals in the oligodendrocytes, which enables them to wrap around the axon to form myelin. Thus, determining the signaling pathway in the oligodendrocytes is crucial to understanding the mechanism of myelination. We have shown that initial events of myelination involve Fyn protein tyrosine kinase (P TK) signaling (Umemori et al., 1994) . Fyn, a member of the Src-family nonreceptor P TK s, is activated during the initial stages of myelination through stimulation of the large myelin-associated glycoprotein (L-MAG), an adhesion molecule that has been implicated in myelinogenesis.
Myelin is composed of a limited number of myelin proteins: proteolipid protein (PL P), myelin basic protein (M BP), 2Ј, 3Ј-cyclic nucleotide 3Ј-phosphohydrolase (C N Pase), M AG, and several enzymes. Among them, MBP constitutes 30% of all myelin protein in the CNS. MBP, a functionally important structural protein of myelin, is localized at opposing cytoplasmic faces of the myelin lamellae, which form the major dense line in electron micrographs (Lemke, 1988) . Five different forms of MBPs with molecular masses of 14 -21.5 kDa are produced by alternative use of seven exons in mouse brain (for review, see Mikoshiba et al., 1991) . In the CNS, MBP gene expression is differentially regulated during myelinogenesis (Okano et al., 1987) . Cell-and stagespecific regulation of MBP gene expression in brain is regulated at the transcriptional level (Kamholz et al., 1988; Shiota et al., 1991) . The 5Ј-flanking region of the MBP gene contains several regulatory elements that differentially contribute to the cell typespecific transcription Tamura et al., 1989; Devine-Beach et al., 1990; Asipu and Blair, 1994) . In addition, several MBP promoter-binding proteins have been identified (Inoue et al., 1990; Haque et al., 1994; Haas et al., 1995) . However, biological signals from cell surface receptors that activate MBP gene transcription during myelination remain to be elucidated.
Here we show that signals through Fyn PTK stimulate transcription of the MBP gene. Fyn serves as a signaling molecule from cell surface receptors, such as MAG, to the nucleus to transactivate the MBP gene in the initial stages of myelination. The present study with Fyn-deficient mice shows that this signaling is important for myelin formation.
MATERIALS AND METHODS
Lysate preparation. Brains and spinal cords were removed from wild-type and Fyn-deficient mice and lysed in Tris-N P40-EDTA (TN E) buffer (Umemori et al., 1994) , and equal amounts of lysates were subjected to immunoblotting.
Immunoblotting. Equal amounts of lysates (20 g protein) were sepa-rated on 15% SDS-PAGE and transferred to poly vinylidene difluoride membranes. After blocking, the filters were probed with anti-M BP antibody (Nichirei, Tokyo, Japan) followed by treatment with 125 Ilabeled protein A (IC N, Costa Mesa, CA). The amount of M BP was measured using a Fujix Bio Image Analyzer, BAS 2000.
Plasmid construction. The deletions of the M BP promoter used in Figure 3 were described previously . These deletions were subcloned into pUC00 chloramphenicol acetyltransferase (CAT) (Uchiumi et al., 1992) . Deletions used in Figure 4 were constructed by site-directed mutagenesis (Kunkel, 1985) . A BamHI site was introduced at the position of bp Ϫ692, Ϫ675, Ϫ656, or Ϫ647 of pBG1b, and the more distal region was removed by digestion with BamHI. The deletion in Figure 5 was constructed by PCR. The PCR product with primers 5Ј-GACCAAAGC TTATTCC TCACC -3Ј and 5Ј-GGCAC TGCAGAA-TCC -C TC TCC -3Ј was subcloned into the HindIII-PstI site of pBG1b. Sense and antisense oligonucleotides for the Fyn response sequence with HindIII sites at both ends were synthesized, annealed, and cloned into TK-CAT (see Fig. 6 ) (Kadowaki et al., 1995) . All constructs were confirmed by sequencing. The construction of the expression plasmid for the constitutively active form of Fyn has been described previously (Takeuchi et al., 1993) .
Chloramphenicol acet yltransferase assay. C V1 cells were transfected with 5 g of each M BP promoter-CAT plasmid and 5 g of pM E18S vector (Takebe et al., 1988) or Fyn expression plasmid by the calcium phosphate precipitation method. After 48 hr incubation, the cell extracts were prepared as described previously (Kadowaki et al., 1995) , and protein concentrations were normalized. CAT assay was performed as described previously (Umesono et al., 1988) . CAT activities were quantified by a Fujix Bio Image Analyzer, BAS 2000.
Gel shif t assay. The gel shift assay was performed as described previously (Kadowaki et al., 1992) . Briefly, 5 g of nuclear extract from C V1 cells or brains in a binding buffer was incubated at 4°C for 20 min. Unlabeled competitors were added at this time. Then, 30 fmol of [ 32 P]-labeled Fyn response sequence probe (1 ϫ 10 5 cpm) was added, and the reaction mixture was incubated again for 30 min at room temperature. The bound complex was then resolved by 5% PAGE.
Electron microscopic anal ysis. Spinal cords were removed from 4-weekold Fyn-deficient and wild-type mice and processed for electron microscopy. Electron microscopic analysis was performed as described previously (Yoon et al., 1996) .
RESULTS

Electron microscopic analysis of myelin in Fyn-deficient mice
Because Fyn is activated through L -M AG in the initial stages of myelination (Umemori et al., 1994) , we searched for target genes downstream of the Fyn-mediated signaling pathway. Because the amount of myelin in 4-week-old Fyn-deficient mice (Yagi et al., 1993 ) is ϳ50 -60% of that in wild-type mice (Umemori et al., 1994) , we first examined the structure of myelin in 4-week-old Fyn-deficient and wild-type mice by electron microscopy. As shown in Figure 1 , myelin in Fyn-deficient mice was thinner than that in wild-type mice. Quantitative analysis showed that myelin thickness in Fyn-deficient mice was ϳ70% of that in wild-type mice. In addition, myelin in Fyn-deficient mice was irregular in form relative to that in wild-type mice. These observations suggest that myelin in 4-week-old Fyn-deficient mice is immature. When we examined myelin in 12-week old mice, no obvious difference was detected between Fyn-deficient and wild-type mice (data not shown). Therefore, we conclude that myelination is delayed in Fyn-deficient mice.
Amount of MBP is reduced in Fyn-deficient mice
On the basis of the result from electron microscopic analysis, we assumed that the expression of structural proteins of myelin might be a target of Fyn signaling. In wild-type mice, M BP expression is increased during postnatal days 4 -12, which is just after Fyn activation (Umemori et al., 1994) . To examine whether MBP expression is a downstream event of Fyn signaling, we measured the amount of MBP in 4-week-old mice. Equal amounts of brain or spinal cord lysates obtained from wild-type and Fyn-deficient mice were subjected to immunoblotting with anti-MBP antibody. As shown in Figure 2 , the amount of MBP was significantly decreased in Fyn-deficient mice compared with that in wild-type mice (56.7% of wild-type in Fyn-deficient brain and 31.9% in spinal cord).
Transcriptional activation of the MBP gene by Fyn
To determine the mechanism of the MBP expression through Fyn signaling, we examined the effect of Fyn on MBP gene transcrip- tion. We f used the 1318 bp 5Ј-flanking sequence of the MBP gene to the CAT reporter gene. This construct was transfected into C V1 cells, and the CAT activity was measured in the presence or absence of a constitutively active form of Fyn (Takeuchi et al., 1993) . As shown in Figure 3 
Identification of Fyn response sequence in the MBP promoter
To identif y the critical regions responsible for Fyn-mediated transactivation of the M BP gene, we used a series of deletions in the M BP promoter as shown in Figure 3 . The transactivation effect of Fyn on the M BP promoter disappeared when the promoter sequence was eliminated up to bp -396 (pBG1d). Therefore, the Fyn response region is located between bp -714 and -396 with respect to the transcription start site.
To f urther narrow the Fyn response sequence on the MBP promoter, we constructed another series of more minute deletions between bp -714 and -396. As shown in Figure 4 , Fyn stimulated the deletion of up to bp -675. However, the promoter with deletion of up to bp -656 was not transactivated by Fyn. Thus, Fyn-induced activation of the M BP promoter requires the sequence between bp -675 and -656.
To prove that this is the only Fyn response sequence, we constructed a mutant promoter with deletion between bp -687 and -656 (Fig. 5, pB⌬687-656 ). This deleted promoter was not transactivated by Fyn (Fig. 5) . Therefore, the sequence between bp -687 and -656 is essential for transactivation of the MBP promoter by Fyn, suggesting that this region is the only sequence responsive to Fyn in the M BP promoter.
To show that the sequence above is sufficient for activation by Fyn, we f used the sequence between bp -675 and -647 with CAT reporter gene containing thymidine kinase promoter ( Fig. 6 A) ; we then transfected the construct with Fyn expression plasmid into C V1 cells. The CAT assay revealed that the sequence between bp -675 and -647 was sufficient for transactivation by Fyn (approximately four-to fivefold) (Fig. 6 B) . Thus, we conclude that the sequence between bp -675 and -647 of the MBP promoter includes the Fyn response sequence.
Binding of nuclear proteins to the Fyn response sequence is developmentally regulated
We next examined whether nuclear proteins can interact with the sequence required for Fyn-dependent transactivation. As a gel shift probe, we prepared a synthetic oligonucleotide corresponding to the sequence between bp -675 and -647 (Fig. 4) . Nuclear extracts were prepared from CV1 cells and subjected to the gel shift assay. As shown in Figure 7A , proteins interacting with the Fyn response sequence were found in the nuclear extracts prepared from C V1 cells. The competition assays using specific and nonspecific oligonucleotide competitors suggested that the complex formation was sequence specific.
We then examined whether the complex formation is developmentally regulated. For this, we prepared nuclear extracts from the brains of 4-and 30-d-old mice and subjected them to the gel shift assay. As shown in Figure 7B , strong interaction of the Fyn response sequence with binding proteins was detected with the P4 extract, whereas much weaker interaction was observed with the P30 extract. Therefore, the complex formation is regulated developmentally, which correlates with Fyn kinase activity (Umemori et al., 1994) . From these results, we conclude that the sequence between bp -675 and -647 of the MBP promoter includes the Fyn response element with which transcription factors stimulated by Fyn interact during myelination.
DISCUSSION
This study shows that Fyn stimulates MBP gene transcription for myelination. Despite recent progress in the identification and characterization of genes encoding myelin components, the molecular mechanisms controlling the process of myelination have remained elusive. Here we have demonstrated a signaling pathway from the cell surface to a gene expression that is important in the early phase of myelination. The putative signaling pathway is schematically illustrated in Figure 8 . The signal from neuronoligodendrocyte interaction activates Fyn PTK. Fyn phosphorylates its substrates and may stimulate transcription factors. Consequently, MBP gene transcription is stimulated, and the amount 
of MBP increases, which is necessary for myelin formation. The study with Fyn-deficient mice supports the importance of this signaling pathway for myelination.
Search for previously known consensus transcription factor response elements revealed that the Fyn response region contains the interferon-␥ responsive element core sequence and the NF-IL6 core sequence (N F-IL6 C S) (Fig. 8) . Interferon-␥ signaling involves Janus kinase (JAK) family P TK s (Ihle et al., 1994) . Therefore Fyn and JAK family P TK s may share downstream signals. Indeed, both P TK families are known to activate the signal transducers and activators of transcription family of transcription factors (C ao et al., 1996) . N F-IL6 belongs to the CCAAT/enhancer binding protein (C / EBP) family of transcription factors, the activity of which is regulated by phosphorylation by several kinases including M AP kinase (Nakajima et al., 1993) and PKC (Mahoney et al., 1992) . Fyn may directly phosphorylate C/EBP transcription factors or may regulate them through MAP kinase or PKC. In addition, C / EBP family transcription factor is known to interact with N FB (Stein et al., 1993) . We have shown previously that Fyn can activate N FB-like proteins (Houhashi et al., 1995) . Thus, C / EBP-N FB interaction may be regulated by Fyn P TK . Myelination signaling through Fyn might stimulate such transcription factors.
Because the cell type-specific transcription of the M BP gene is regulated by a more proximal region of the M BP promoter than the Fyn response region Devine-Beach et al., 1990) , signaling through Fyn would not regulate cell specificity but rather regulates stage-specific transcription as suggested in Figure 7B . Fyn signaling might be required for initiating myelination. Identification of both cell-and stage-specific transcription signaling will f urther clarif y the molecular mechanism of myelination and will be a clue to other biological events in development and differentiation.
